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1. PURPCSE. This advisory circular provides an acceptable

nmet hodol ogy for estimating the value, or upper limt of the
value, of Expected Casualty E. for conmercial space |aunch

and reentry m ssions.

2. BACKGROUND. The FAA O fice of the Associate

Adm nistrator for Commercial Space Transportation (AST) is
responsi ble for licensing comrercial space |aunch and
reentry (return from Earth orbit or outer space) operations.
A principal objective of the licensing process is to limt
risk to public health and safety, and safety of property,
and to protect national security and foreign policy
interests of the United States. Sections 415, 431 and 435
establish that, to be eligible for licensing, the |aunch of
a launch vehicle (415.35(a)), the launch and reentry of a
reusabl e launch vehicle (431.35(b)), or the reentry of a
reentry mssion (435.35) shall not exceed an expected
average nunber of 0.00003 casualties per mssion (E, <30 X
107%). The purpose of the requirenent is to ensure that
risks to public safety presented by |aunch and reentry
operations is limted to an acceptable level, defined in a
manner consistent with acceptable |aunch risk at national
ranges adm nistered by the Air Force.

In summary, a license applicant is in conpliance wth
sections 415.35(a), 431.35(b) or 435.35 if its expected
casualty calculation utilizes the nethodol ogi es and
procedures detailed in this advisory indicating an E. of
less than or equal to 0.00003. For further information:
Ronal d Gress, Manager, Licensing and Safety Division,
(202) 267-8602.
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3. DI SCUSSI ON. Expected casualty is used in the space
transportation industry as a nmeasure of risk to public
safety froma specific mssion, and is one of the factors
typically used within the U S. vernnent to deternmine if a
m ssion may proceed or a license may be granted. Expect ed
casualty is the expected average nunber of human casualties
per commercial space mission. Human casualty is defined as a
fatality or serious injury. For the purpose of this
advisory circular, a human casualty is considered to be any
human contact with a piece of vehicle debris or exposure to
expl osi ve overpressure of 3.5 pounds per square inch (psi)

or greater. Another way of expressing the neasure of
expected casualty is that if thousands of identical m ssions
were conducted and all the casualties that resulted were
added up and the sum divided by the nunber of mssions, the
actual casualties and the expected casualties per mssion
should ideally be the sane.

For the purpose of this advisory circular, a mssion

includes all licensed flight segnments throughout the

m ssi on. If there are activities that occur on orbit that
are not conducted under a license, these segnents, or
phases, are not included in the m ssion. For exanple, a

sub-orbital mssion mght include |aunch, stage separations,
stage ignitions and payload |anding or recovery. An orbita
m ssion of an expendable |aunch vehicle (ELV) mght include
vehicle launch, nultiple booster stage separations, stage
ignitions, booster stage recovery, and payload insertion
into orbit. (Note: The reentry of orbiting stages of an ELV
is not a licensed activity and while vehicle orbiting stages
eventually reenter the earth's atnosphere they are not
usual |y designed to survive reentry and nost conponents burn
up before reaching the earth's surface. Therefore public
risk fromELV reentry stages is very small.) A mssion
involving a reusable |aunch vehicle (RLV) m ght include

[ aunch vehicle takeoff, stage separation and |aunch vehicle
recovery, ascent of upper stages to orbit, payload
separation, reentry of the vehicle upper stage from orbit
and its recovery or |anding. RLV m ssions may include
contingency or energency abort scenarios, use of alternate
recovery sites or flight termnation events.

In order to explain the basic nethodol ogy, this advisory
circular uses sinplified exanpl es. The nunber of possible
events and inputs are selected to allow the reader to focus
on the process, rather than on the |arge nunber of events
and situations that may actually need to be considered, in
performng a specific Ecanalysis. Actual analyses are
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generally far more extensive, vyet all utiiize the basics
described in this docunent.

The net hodol ogy descri bed here provides acceptable
approaches, however, the user is cautioned that the
applicant is responsible for denonstrating that the inputs
to the formula and assunptions nade are appropriate for the
situation being addressed. Advisory Circular 431- 01,
Reusabl e Launch Vehicle System Safety Process, provides

gui dance on the types of anal yses which would support the
devel opnment of some of the data, such as failure nodes, used
in the calculation of E,.

3.1 Overview of Expected Casualty. Risk is defined by the
safety conmmunity as the product of the probability of
occurrence of an event and the consequences of that event.

If there is nore than one possible event, total risk is the
sum over all possible events of the products of the
probability of each event and its associ ated consequence.
Wiile the probability of an event is always between zero and
one, the consequences of that event can be any val ue. For
risk, the larger the value the greater the risk. Ri sk can be
relatively high if the probability is high and can be high
if the consequence is great even if the probability is |ow
Ri sk can be |owered by reducing the probability of an event

occurring or by reducing the consequences of an event. For
exanple, a highly reliable systemw /|| increase the
probability of success and |ower risk. Pl anning a m ssion

that avoids flight operations over populated areas wll
decrease or elimnate consequences of human casualties and
t hereby reduce the risk neasure of E..

Expected casualty for a mssion neasures the public safety
ri sk of conducting the mssion and includes al

contributions to risk as a result of the m ssion. E.l S
expressed as the summation over the m ssion of the products
of the probability of each possible event and the casualty
consequences of each possible event. Casual ty consequence
is expressed as the product of the casualty area of debris
(see 3.2.2) and the population density of the area at risk.
The basic equation is:

E. = P; x A X Dpiy

wher e:
n = the nunber of possible different events,
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P. = probability of occurrence of the i®® event,

A., = the casualty area of inpacting debris for
the i*® event, and

D, = the population density of the area at risk

for the it" event.

E.is the sum of the expected casualties calculated for each
possi bl e m ssion event. Acceptable E. is limted to thirty
expected casualties per mllion mssions (i.e., maximum E.
for a mssionis less than . 00003) for AST |icensed

m ssi ons. This standard reflects the FAA' s determ nation
that the public will be protected from licensed comercia
space m ssions such that risk confronting the public from a
conmerci al space launch and reentry mssion is significantly
| ess than the average background risk experienced by the
general public in daily activities. The 30 x 107° risk

level is consistent with |aunch standards currently used at
federal ranges (reference: Eastern and Western Range 127-1
Range Safety Requirenments, Sec. 1.4(d), March 31, 1995).

In order to compare expected casualty with voluntary annua
i ndi vidual risk, the expected casualty, which is a
collective risk, mnust be converted to annual individua

risk. For exanple, a collective risk of 30 x 107 for a
defined popul ation of one hundred thousand people exposed to
a single launch results in a probability of injury or death
to a single exposed individual of 3 x 107'°. If there were
one hundred |aunches per year, annual individual risk would
be 3 x 10°®. The U.S. annual individual probability of
fatality due to a non-occupational accident has been
estimated as 2 x 10™* (reference: Report No. 97/350-2.1-01,
Acceptable Risk Criteria for Launches from National Ranges:
Rati onal e, ACTA, for the Departnent of the Air Force, 30"
and 45" Space Wngs, Septenber, 30, 1997). For the sane
defi ned popul ation of one hundred thousand, there would be
- 003 casualties from conmerci al space operations and 20.0
fatalities from non-occupational accidents expected per

year. Thus, the risk to the public from comrercial space
operations is several orders of magnitude |ess than the risk
of fatality from accidents. It is noted that expected

casualty is defined as a fatality or serious injury while
the conparison statistics measure fatalities only.

Inputs to the E. analysis should consider all reasonable

m ssion scenarios that may result in a public casualty. An
E. value of 30 x 10™® (or . 00003) reflects an upper linmt on
al | owabl e expected casualties. Because of this, the
appl i cant need only denonstrate that the true value of E:is
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| ess than the threshold and need not necessarily determire
the precise value of E,. Therefore, use of conservative
assunptions with respect to the calculation inputs wll
ensure that E. limtations are not exceeded.

The system safety process used to identify and manage ri gk
and the E. nmet hodol ogy work together to achieve a safety.
The system safety process is used to identify failure nodes,
their probability of occurrence (P;) and associ ated
consequences of commercial space m ssions. The system
safety process (see Advisory G rcular AC 431-01), as
illustrated in the followng chart, will evaluate risk to
the public from planned trajectories and sequence of events
as well as unplanned variances to the nom nal m ssion.

These factors are critical to the determnation of risk and
E.. If risk is too large additional mtigation nmeasures
will be necessary to achieve safety.

{dentify Safety Critical Systems and Operations based on Design Concepts.
Operations Plans (e g locations. flight paths)

¥

Evaluate Critical Safety Systems Performance and Reliability based on criteria such as
qualuy assurance. analysis, testing. policies. procedures. operational rules.

2 2

l Determine Risk to the Public

+

Determine Need for Additional Risk M itigation
(e.g. redesign. procedural or operational controls)

SAFETY PROCESS FLOW

Under the E. nethodol ogy, the vehicle breakup
characteristics are identified and the casualty area (Aq)
cal cul at ed. Contributing factors to Ac include: hunman
exposure to debris and the debris size, weight, velocity
components, ballistic coefficients (weight/nmaxi mum cross-
sectional area of a piece of debris), Kkinetic energy,

i npact, bounce, slide and fragnentation characteristics of
that debris, as well as any explosive properties the debris
m ght have.

Finally popul ation density (Dg) profiles for the areas at
risk nmust be determ ned and factored into the expected
casual ty cal cul ations.

In sumary, because risk is the product of probability and
consequence, several options are available to the applicant
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that will =2nable compliance With the Ec.limit of thirty
casualties per mllion m ssions. Reducing the system‘
probability of failure is normally achieved by a rigorous
design, devel opnment and test process coupled with successfu
oper ational experience and continuous system inprovenent.
Yanagenent planning for safety and reliability early in the

devel oprment process will mnimze the likelihood of various
failure nodes and thus reduce casualty expectations and
provi de enhanced operational flexibility. Reduci ng t he

consequences of mssion or vehicle failure is nost directly
achi eved by avoi ding operations over or near popul ated

ar eas. The applicant nay be expected to inplenent
additional risk reduction neasures as needed to satisfy the
E. standard. These include but are not Iimted to
operational procedure changes, system redesign, materi al
software and | aunch or recovery site changes.

3.2 Elenments of E,. The following is a nore detailed
di scussi on of the-nmeaning of each of the elenents of the
expected casualty calculation fornula and provides an
accept abl e net hodol ogy as to how they are to be derived.

3.2.1 Probability of Failure. Applicant identifies mssion
scenarios and the failure nodes that present risk to the
public.

Exanple: a vehicle |oses guidance control and breaks up
during flight over a popul ated area.

System safety engi neering nethods (See Advisory Gircul ar
431-01), such as failure nodes and effects and fault tree
type analyses are used to determ ne which nodes present a
hazard to the public and the probability (Pi) of their

occurrence. The probability calcul ations should account for
all possibl e outcones. That is, the sum of all
probabilities for a mssion nust equal one. In the sinplest
terms; P(success) + P(failure) = 1.0.

In this context, P(success) IS associated with zero
consequences (i.e., Psyccess) X 0.0 = OO, and a successfu

m ssi on or successful mssion abort will contribute nothing
to the expected casualty cal cul ati ons.

On the other hand, P(failure;y MUst usually be broken down by
the nature of the failure (e.g., does vehicle breakup or
remain intact)and the | ocation of the vehicle at the tine of
failure. For exanple, if the failure is an explosion soon
after launch the anmount of inpacting debris may be at a

maxi mum because the bulk of the propellant has not been
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curned and early boost stages, if any, have not been safely
j ettisoned. This may be contrasted with an out of control
ballistic reentry of a single stage vehicle with no
propel |l ant or hazardous material on board. The latter
scenario would involve mnimal debris generation. Also, the
| ocation along the flight path will determ ne the popul ation
at risk (see Section 3.2.3 Population Density) from any
falling debris resulting from vehicle failure. This may be
particularly inmportant when areas of drastically different
honbgeneous popul ation density require separate assessnents
of the likelihood of events exposing each area.

For sone vehicles, it nmay be appropriate to |look at each
second of flight, as each second may result in different
amounts of debris and debris characteristics. The applicant
may need to recognize that popul ation characteristics of the
debris footprint may change from second to second. It is

al so not unusual for there to be different possible failure
nodes at the sane time with separate probabilities of
occurrence, each resulting in different debris
characteristics (e.g., explosion or thrust failure). Her e
the applicant may have an opportunity to sinplify the
probl em by assuming the total failure |ikelihood at each
time step in the flight and the worst debris characteristics
for all failure nodes. Such an assunption would result in a
conservative estimation of E, .

For other vehicles, particular points or events along the
flight path may have greater |ikelihood of failure, such as

stage separations or stage ignitions. Sonme vehicl es nay
have systens intended to detect problens and take steps to
avoid or mtigate the consequences. However, not all system

failures may be detected and the consequences of sone
failures may not be mitigated even if detected. Thus the
distribution of failure probability may be nade up of a
conbi nation of distinct events and uniform distributions.
Once again, all probabilities for failure events should add
to the overall failure probability of the vehicle and the
sum of all probabilities of all events (failures and
success) should add to 1.0.

Not all outcones contribute to E.. For exanple, a
successful mssion, a successful contingency abort or
energency abort that does not jeopardize public health or
safety, and vehicle failure nodes occurring during segnments
of flight over unpopul ated areas do not contribute to
casualty expectation.

To illustrate the concept of probability of failure events
as applied to comrercial space operations, consider an
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extremely sinple exanple: the launch of a two stage vehicle
where a reusabl e second stage delivers a payload to orbit,
reenters the atnosphere and perfornms a controlled |anding at
a renote site. In a nominal mssion, the first stage is
jettisoned over an unpopul ated area five mnutes after

| aunch and the second stage obtains orbit ten mnutes |ater.
Landi ng occurs 30 minutes after reentry initiation. If an
energency develops during first stage boost, the vehicle has
the capability to abort by jettisoning the first stage and
returning the second stage to an alternate landing site.

The second stage boost phase nay al so be aborted by

term nating thrust and maneuvering to an alternate | anding
site or in sone circunstances aborting to orbit. Ext ensi ve
design and systens anal yses have been perforned as well as
Failure Mbdes and Effects Anal yses and Fault Tree Anal yses
as part of the Systens Safety Process (see AC 431-01).

Based on these analyses and sonme enpirical data, the vehicle
has a 90% probability of success, a 9% probability of

m ssion failure and a 1% probability of m ssion abort. Not e
that in this exanple successful mssion aborts do not
necessarily contribute to expected casualty and wil
therefore be treated separately. Assunme that analysis and
testing determned that the failure probability is
distributed such that . 05 of the failure probability is
during the first stage boost, . 03 is during second stage
boost and . 01 is during reentry. (Note: an exanpl e where
there is a probability of failure on-orbit such that reentry
is not or cannot be attenpted is presented later in this
docunent). If there is no indication of specific points or
events in the mssion (e.g., stage ignition) having a
different probability of failure with respect to any other
point of time in the mssion, spreading the failure and
abort probabilities uniformy over the mssion yields:

3

Pfailurey = 2&failure per event)
i=
= .05(first stage boost) +
.03 (second stage boost) +
.01 (reentry)
= .09
P (abort ) = .01
Breaki ng these down into one second intervals vyields:

1.667 x 107%/sec

.05 / 300sec

P:(1°° stage) / second

P: (2™ stage) / second = .03 / 600sec 0.5 x 107%/sec

jiron/ecac2 8



DRAFT

P:(reentry) / second = . 01 / 1800sec = 5.56 X 107%/sec
P(abort) / second = .01 / 2700sec = 3.70 x10 °/sec.

Note that nultiplying the time in each phase by its P¢and
summi ng the product yields P, = 0.09 for the 2700 second
m ssi on.

Uniformy distributing the probability of failure over the
2700 seconds of the mssion yields a probability of failure
per second of:

P:(mission) / second = 0.09 / 2700sec = 0.33 X 107%/sec.

Note that in either case the total probability of failure
over the 2700 second (45 minutes) mssion is 0.09, and as
noted earlier:

Pirotal) = Ps(.9) + Pe(.09) + P,(.01) = 1.0.

In reality, probability of catastrophic failure may not be
uniformy distributed during the flight and the analysis
nmust consider the actual probability distribution over the
m ssi on.

3.2.2 Casualty Area. The next step is the determ nation of
casualty area during each step of the m ssion. The A. is
the aggregate casualty area of each piece of debris created
by a vehicle failure at a particular point on its

traj ectory. The casualty area for each piece of debris is
the area within which 100 percent of the unprotected
popul ati on on the ground is assuned to be a casualty.

(Note: The effects of sheltering (e.g., people in structures
etc.) typically reduce the nunmber of casualties and can be
exam ned. However, applying assunptions of this nature
requi res considerably nore analysis and supporting
docunentation in order to denonstrate that the treatnent is
appropriate.) This area is based on the characteristics of
the debris piece including its size, the path angle of its
trajectory, inpact explosion, skip, splatter, and bounce as
well as the size of a person. Debris may be created by

pl anned stage jettison operations, vehicle breakup due to
aerodynam ¢ overload, in flight explosion or other failure
nmodes. The characteristics of debris at any given time in
flight may al so depend on the failure node. Maj or issues in
assessing debris hazards include: the nunber, weight and
size of the fragnments, where they will |and, each inpact
fragnent's energy and velocity vector; whether the fragnment
is inert or explosive.
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The first step in the determnation of casualty area is a
vehicle debris or breakup analysis. The analysis will
provide debris lists for all potential failure nodes

t hr oughout the course of the planned m ssion. These lists
are intended to estinmate the imedi ate post breakup
environnment of the malfunctioned vehicle, the fragnment
characteristics over tine to inpact and the public safety
risk resulting fromthe fragnments upon inpact. Factors to
be considered in the breakup analysis typically include, but
may not be limted to:

(1) Casualty area from debris, explosive forces and
ot her hazards of inpact of the intact vehicle versus failure
time where this is a possible failure node;

(2) Fragments and conponents (inert and expl osive)
produced upon vehicle breakup that inpact the Earth due to
each failure node. (Fragnments may be categorized into
classes, so that the hazards associated with the "nean"
piece in each class adequately represent the hazards for
every piece in the class. The nunber of pieces in the class
and “ne an" piece should be identified.);

(3) Quantities of confined and unconfined propellant
chunks and fuel ed components that will inpact, as a function
of vehicle malfunction tinme, and;

(4) Probability and TNT equival ency of i npact
expl osi ons and nunbers of fragnments projected from each
vehicle failure node, as function of vehicle time into
flight the mal function (failure node) occurs.

These types of breakup anal yses have been common practice in
the launch vehicle industry and are based upon prior
experience, enpirical data, structural analysis, system

saf ety nethodol ogi es and engi neering judgnent.

The applicant should ensure that the major portion of the
vehi cl e by mass has been accounted for. Not all fragnents
will contribute to casualty area. For exanple, pieces with
low ballistic coefficients or propellant that burns or
vapori zes before inpact would not be likely to cause a
casual ty.

3.2.2.1 lnert Debris. The casualty area of a vertically
falling inert piece of debris is a circle whose radius is
the sum of the radius of a circle with area equal to the

| argest cross sectional area of the piece and the radius of
a human being (1.0 ft). This is illustrated in figure 1.
Note that for A. calculations, an acceptable dinension for a
human is a 6 ft tall cylinder with a 1 ft radius.

j:ron/ecac2 10




DRAFT

person

Figure 1. Casualty Area for Piece Falling Vertically

To this, add the effects of any horizontal velocity
conmponent (such as wind or trajectory angles) to calculate

t he basic casualty area. The equation for basic casualty
area is:

A.(basic) = 2[r(p) + r(f)ld + T[r(p) + r(f)]?
Wher e: r(p) = radius of person (1 ft)
r(f) = radius of the fragnent
d = (height of person (6 ft)) / tan(impact angl e)

The basic casualty area is illustrated in figure 2. Not e
that ‘d" is the horizontal distance that the debris travels
as it falls the height of a person (6 ft) and the inpact
angle is the angle that the velocity vector nakes with the
hori zontal plane or surface inpacted.
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person

| ‘ o d piece
i ' at impact
L |t
PN Sl - I_____°>
P
boundary of

effective casualty area

Figure 2. Casualty Area for Piece Falling Diagonally

Adjustnments to account for other effects that may increase
casualty area would then be nade. Anmpong the effects to be
considered are: area increases due to the inpacting debris
tendency to slide, skid, bounce, ricochet or splatter.

Pi eces of debris may slide or skid after inpact adding to
the casualty area as a function of horizontal velocity and
the coefficient of friction of the inpacted surface. Debris
that remains essentially intact may bounce or ricochet along
the inpacted surface and also add to effective casualty

ar ea. If an inert vehicle piece or conmponent inpacts an
open area, piece fragnents or chunks of the inpacted surface
may be forcefully projected fromthe point of inpact. For

hi gh velocity inpacts on hard surfaces such as rock or
concrete, fragnments and surface chunks may be thrown
consi der abl e di stances. These effects are mnutually

excl usive so the conservative approach is to add the |argest
increase to the basic casualty area to determ ne the
conposite casualty area for each piece of debris. Reference
"Casualty Areas from Inpacting Inert Debris for People in
the Qpen", Research Triangle Institute Report No.
RTI/5180/60-31F dated April 13, 1995, for a procedure to

cal cul ate conposite casualty area as well as sanple casualty
area cal cul ations for existing |aunch vehicles. Thi s report
is available on AST’s Wb Site. Previ ous anal ysis of
various |aunch vehicles shows that the effective casualty
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area of an inert piece of debris represents an increase by a
factor of from 1.7 to 7.0 over basic casualty area when the
effects of slide, bounce and splatter are accounted for.
Therefore, a conservative approach in the cal culation of the
inert portion of A. is to apply a factor of 7.0 to the basic
casualty area

3.2.2.2 Explosive-Debris. If the debris may expl ode on

i npact, equations can be used to calculate effective
casualty areas based upon equival ent TNT vyi el ds. To account
for explosive contributions to casualty area, the propellant
or hazardous material is converted to equival ent weight of
TNT. An acceptabl e assunption for the purposes of
determning a casualty for E. is a blast overpressure
threshold of 3.5 pounds per square inch. The radius of this
casualty threshold is expressed as an equation of the form

D= K x W3

Wiere: D is the distance (ft),
K is a distance scaling factor (ft/lb'/?), and
Wis the net equival ent weight of TNT (Ib).

The factor K is derived from scaling |aws (reference:

Chemi cal Propul sion Information Agency Publication 394,
Hazards of Chemi cal Rockets and Propellants, June 30, 1985).
If D, is the distance froma reference explosion of w; Ib of
material at which a specified overpressure is found, then
for any explosion of WIlb of the sane nmaterial, the sane
overpressure will occur at a distance D such that:

D/Dy = (W/Wp)*/3.
The distance scaling factor K is defined as
K = p/W? (£t/1b%3).

Wis the TNT equivalent weight and D is the distance from
the center of the explosion at which a specific overpressure
occurs. In this nethodol ogy, the equivalent weight of a
particul ar explosivel/propellant is the weight of TNT
required to produce an overpressure of equal nagnitude
produced by a unit weight of the explosive/propellant in
questi on. Acceptable K factors may be obtained from DOD
6055.9-STD, DOD Anmunition and Expl osive Safety Standards
August, 1997 or from CPIA Publication 394, Hazards of

Chemi cal Rockets and Propellants, June 30, 1985.

The expl osive equivalent range for credible TNT vyields
varies fromb5 to 50% for LH,/LOX and 18 to 100% for solid
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rocxet notors (reference: Hazard Analysis of Commerci al
Space Transportation, CCST-RD-RESO-88, My, 1988). Not=
that the | ower bound for these yields is zero since the
propel l ants may react or burn wthout producing casualties.
Accept abl e neasures of equival ent TNT explosive yields for
various propellants nmay be obtained from such sources as:

Farber, E.A and J.H. Deese, A Systematic approach for the
Anal ytical Analysis and Prediction of the Yield from Liquid
Propel | ant Expl osi ons, Tech. Paper 347, Engineering Progress
At the University of Florida, March 3, 1966,

Kinsel, T.I., Determnation of the TNT equival ency of a
Typical Cass 1.1 Solid Rocket Propellant (Blast Hazards),
AFRPL- TR-80- 24, April, 1980,

DOD 6055.9-STD, DOD Amunition and Expl osives Safety
St andards, August 1997, and

Chemi cal Propul sion Information Agency Publication 394,
Hazards of Chemi cal Rockets and Propellants, June 30, 1985.

3.2.2.3 Total A.. The contributions of explosive debris to
casualty area are added to the casualty area attributed to
inert debris to determne effective casualty area A.. A
conservative calculation for A. would utilize the factor of
7.0 applied to the inert debris basic casualty area in
addition to assum ng the naxi num expl osive casualty area for
each phase of the m ssion. Conservatively, the effective
casualty area may be cal cul ated as:

A, = 7.0 x Aci(inert) + Aci(explosxve) .

Note: The sunmation of each casualty area of each
contributor to inert and explosive debris is a conservative
approach in that it is assunmed that no individual debris
casualty areas overl ap. In actuality, individual areas may
overlap, thus reducing the total effective casualty area.

3.2.2.4 Exanple A. calculations. A. nay decrease as the

m ssion progresses due to propellant consunption, stage
separations and payload deliveries. Some vehicles nmay have
| arge effective casualty areas during the early (Iow
altitude) |aunch phase when inert and explosive debris
contributions are accounted for; while explosive forces at a
sufficiently high altitude of liquid fueled vehicles are not
an issue other than that they cause breakup and generate
debris. A reentry vehicle may not have any expl osive
material remaining that would inpact after a breakup event
and the entire A. nmay be conposed entirely of inert debris.
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Also zhe number of fragnents of debris will depend on the
failure node and the time or phase in the mission. It may
range from a handful of large pieces froma |loss of thrust
or aerodynam c breakup to several thousand pieces resulting
from explosion. As an exanple, typical nultistage
expendabl e | aunch vehicle casualty areas range from 11, 000
ft- to 20,000 ft® during the |aunch phase and from 500 ft- to
2000 ft' during the | ate ascent phase. Li kewi se the nunber
of fragments may range froma few to several thousand
(Reference uspor Ofice of Commercial Space Transportation
"Basel i ne Assessnent Eastern Space and Mssile Center
(ESMC) " Sept enber, 1988).

The followi ng provides a sinple exanple of an acceptable A.
calculation: A two stage to orbit vehicle breaks up into
five inert pieces having basic casualty areas of 10, 30, 50,
80 and 100 ft®; and three inpacting explosive pieces of 2,

16 and 54 |bs. Assuming that the TNT equival ency of the
expl osive pieces is 50%, the TNT equivalent weights are 1, 8
and 27 | bs respectively.

Assuming that the debris falls vertically, the basic
casualty area of the inert debris is equivalent to the sum
of the basic casualty areas of the inert pieces. Ther ef or e:

Acinerty = 10.430.+50.+80.+100. = 270 ft?.
The casualty area is calculated for each expl osive piece.

Ac(explosive) = Tp?

D = KW' and K is 18 for a 3.5 psi overpressure |level which
woul d harm an exposed person (reference: DOD Anmunition and
Expl osives Safety Standards, DOD 6055.9-STD, August, 1997).
The expl osive radii are:

D = 18 x (1)¥?® = 18 ft
D, = 18 x (8)Y3 = 36 ft
Dy = 18 x (27)Y¥® =54 ft, and

T x (182 +36% +542)
3.14 x 4536.
14243 ft?, and

Ac (explosive)

The basic casualty area of the inert debris is nultiplied by
7.0, to conservatively account for slide, bounce and scatter
and then added to the casualty area from the explosive
debris. The total casualty area is:
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Ac conar 7. OX Acisnere; T Acoupiosive
7.0 x (270) ft® + 14243 f:-
1890 ft= + 14243 ft'

16133 ft-.

Assuming the first stage is successfully separated and the
second stage fails, breaking into four inert pieces wth
maxi mum cross-sectional areas having equivalent circular
radii of 1, 3, 5 and 10 ft, the inert basic casualty area
is:

Ac(lner.t) = n(l + 1)2 + Tc(l + 3)2
+ ™1+ 5)" + ™1+ 10)°
= T4 + 16 + 36 + 121)
= 556 ft°.

Applying the 7.0 factor to conservatively account for
bounce, skip and splatter, the inert casualty area is:

A. = 7 X 556 ft? = 3892 ft?,

An applicant would be responsible for identification of
debris characteristics and the calculation of A. for each
failure node and tine in the m ssion. Once again, a
conservative approach to A. calculation is to apply a factor
of seven to the basic casualty area of inert debris and to
add the maxi num expl osive contribution for the vehicle over
each m ssion segnent. The applicant may nmake further
refinenments to the Acdeterm nations as design, test and
operational data all ow.

3.2.3 Popul ation Density. As noted in section 3.1,
popul ati on density in the affected inpact area is required
to calculate E.. After the launch and reentry trajectory
are determ ned for each mssion, those areas that can be
affected by inpacting debris for the all the failure nodes
and tine of occurrence are identified. The popul ation
densities exposed in these areas are deternined.

Accept abl e neasure of population density areas used to
performthe E. analysis is no larger than a U S. census

bl ock group for the first 100 nautical mles from a |aunch
point and no bigger than a 1 degree latitude by 1 degree
longitude grid beyond 100 nautical mles downrange. |If
there are different population concentrations among a nunber
of areas, it is acceptable to assune that the entire |arger
area has the highest population density within that area.
This approach is conservative because it will overestinmate
the expected casualty while reducing the nunber of
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individual calcul ati ons needed. Because it is very
conservative the applicant may determne to refine the
approach (e.g., divide any populated area into snaller areas
and determne the probability for each) in order to neet E.
l[imtations if the sinplified approach yields a value in
excess of the E. threshold. Sheltering of the popul ation
may al so be a factor but is not considered in this advisory
circular, as noted previously. However, any attenpt by the
applicant to address sheltering will be considered on a
case- by-case basis.

As an exanple, assune that the vehicle flies for 2 seconds
of dwell tine over a desert area that includes .02 seconds
of dwell time over a city within the area. The desert

popul ati on density is 5 people per square mle and the city
has 10, 000 people per square mle. The conservative
approach is to assume that the entire 2 seconds is flown
over an area with 10,000 people per square mle. The
consequence for this 2 second segment of flight is the
product of the casualty area and the popul ation density.

For a vehicle casualty area of 3892 square feet, fromthe
previ ous exanple, the expected casualty of a failure in the
area with a population of 10,000 people per square mle is:

Eci = Py X Acy X Dy
P; x (3892/(5280 x 5280)) x 10000
1.3961 x P;.

A nore conplicated and | ess conservative refinement mght be
to proportion the flight segnent according to dwell tine
over each area of honpbgeneous popul ation density. The
result is an expected casualty of:

Ec, =P x A x [(1.98/2.0)x 5+ (.02/2.0) x 10000]
P; x (3892/(5280 x 5280)) x[.99 x5 + .01 x 10000]
Pi x . 0001396 x 104.95

0.01465 x P;.

The exanpl es presented assune the vehicle and its

i nst ant aneous i nmpact point footprint fly a precise
trajectory and ground track respectively. However, this is
not likely to be the case. Vehicles typically may deviate
fromthe planned flight path, thus the popul ation area
exposed nmay depend on the variance of the vehicle's position
relative to the planned trajectory. Cal cul ations of the
probability of debris inpact on popul ated areas are based on
statistical treatnment of trajectory downrange and cross-
range di sper sions. These equations take the form of:
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P, = P, x P, x P.

1

Where the equations for P,and P, are:

|y, =] , vty ) :
{ oy —()/! o5 ] 20}' ~(%y] ] ‘
P‘ = 6&; cxXpl ) |+4"CX 3 J“!’CK > JJ
lxz —xll x, : a (~"'| +x1) i X, t
. o, Ao, 20, o,
= Py | exp! 2 +4-exp 5 J+cx[ ) JJ
Where:

oy is the crossrange standard deviation of the impact.
o« is the downrange standard deviation of the impact.

The x and y values are depicted in figure 3.

[ NOT TO SCALE |

Figure 3.
This level of fidelity is beyond the scope of this advisory

circular but is presented to illustrate the |evel of

conplexity that should be addressed during the E.
det erm nati on process.
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Popul ation density data nay be obtained from published
sources such as the U S. Census Bureau, The United Nations
FAO Year book, the Quinness Wrld Data Book, the Rand MNally
Wrld Atlas and The Carbon Dioxide Information Analysis
Center, Oak Ridge National Laboratory d obal Popul ation

Di stribution Database.

To denonstrate the sensitivity of expected casualty (E.; =
A.;, X D) to changes in Dy, consider that if a vehicle with
an A., of 1000 square feet inpacts an area with Dy, of 1.0
person per square mle, the expected casualty is .000036 for
an inpact in that area. Li kewi se an area with a popul ation
density of 100 people per square nile has an E. of .0036
and an area with a density of 5000 people per square nile
has an E.; of 0.18. To put this in perspective, New York
Cty has an E.; of . 853 with 23,700 people per square mle,
Houst on, Texas has an E.; of . 108 with D, of 3,000 and
Jacksonville, Florida has an E.; of .029 with D, equal to
800.

3.3 Exanple Calculations of E,. As a sinple exanple of an
E. calculation, assume a mssion where a vehicle |aunches
from a noderately popul ated coastal area, enters orbit,
reenters and lands in a sparsely popul ated desert. The tinme
to orbit is 15 m nutes. During the first five mnutes of
flight, any debris would inmpact on land and for the
remaining time to orbit, the debris would inmpact in the
ocean. The reentry time fromorbit to landing is 35 minutes
with the final 5 minutes over sparsely popul ated desert (the
time in orbit does not contribute to E). Ac for the launch
segnent over land is 16,133 square feet, 3,892 square feet
for the over water segnent and 500 square feet for the orbit
and reentry segnents. The decrease is due to fuel burn,
stage separation and payload release. There is a city in
the first segment overflight corridor with a Dyof 600
peopl e per square mle. Conservatively, assune that the
popul ati on density for the launch segnment over land is 600
peopl e per square mle. The Dy is zero for the ocean and on
orbit segments. There is a snmall populated area in the
desert with a density of 100 people per square nmle and this
density is assumed to apply over the entire overland m ssion

segnent. The mssion probability of failure is .05 during
the first five minutes, .02 for the remainder of the ascent
phase, . 01 in orbit (i.e., failure to reenter) and .02

during reentry. The probability of a successful mssion is
.85 and the probability of abort during ascent is .05
(assuned to be successful, i.e., no casualties).

j:ron/ecac2 19




DRAFT

Therefore the total probability of all identified events
totals to 1.0 indicating that we have accounted for all
possibilities for the m ssion:

Zp,=.85 + .05 + .05 + .02 + .01 + .02 = 1.0.
The expected casualty for the mssion is:
E. = 2 P; x A x D
= (.85) x 0 + (.05 x 0 +
(.05) x 16133 x 600/(5280) (5280) +
(.02) x 3892 x 0 +
(.01) x 500 x 0 +
(.02) (30/35) x 500 x 0 +
(.02) (5/35) x 500 x 100/(5280) (5280)

0+0+ .01736 + 0O + O + O +.000005

. 01737

The m ssion does not neet the allowable E. of .00003 using
conservative assunptions. Addi ng sone neasure of fidelity
to these assunptions denonstrates the foll ow ng: If the
vehicle inpact area is only over the city for the last 2
seconds of the over land |aunch segnent and the rest of the
segnent is unpopul ated, the probability of failure over the
city beconmes (.05)(2/300). Also, the effective casualty area
drops to 3892 square feet due to propellant burn-off.

Li kewi se the overland reentry segnent is only over the
popul ated area for 10 seconds and the probability of inpact
beconmes (.02) (10/300) (5/35).

Ther ef or e:
Ec = (.85) x 0 + (.05) x O

+(.05) (298/300) x 16133 x O
+ (.05) (2/300) x 3892 x 600/(5280) (5280)
+ (.02) x 3892 x O

+ (.01) x 500 x O
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+

(.02)(30/35) x 500 x O

+ (.02) (290/300) (5/35) x 500 x O

+ (.02)(10/300) (5/35) x 500 x 100/(5280) (5280)
=o+o0+o0+.0000279 + 0 + 0 + 0 + 0 + .0000002
= .0000281

This is less than the allowabl e expected casualty val ue.
Thi s exanmpl e denonstrates how a sinple refinement to a
conservative E. calculation process nmay produce acceptable
results.

As a special exanple of expected casualty analysis, assune
that an applicant wants to define a mssion that wll
satisfy the requirenent for an unproven vehicle. Failure is
assuned inpacting in each exposed populated area along its
flight. Gven that failure is assumed (probability = 1.0)
and that the effective casualty areas are defined by the
vehi cl e design, the applicant nust solve for allowable

popul ati on densities that neet the threshold val ue of
expected casualty (i.e., E.is less than 30 X 1079

t hr oughout the m ssion.

Assune a two stage to orbit vehicle with the second stage
reentering after payload insertion. The maxi num casual ty
areas have been calculated to be 16,133 ft? during the

| aunch stage, 3,892 ft? during the second stage to orbit

phase, and 500 ft? during the reentry phase. From the risk
equation for each phase:

Eci=PiXAciXDpi.

The solution for allowable population density for each phase
becones:

Dp; = Bey / (Py x Agy) .

Wth a failure probability of 1.0, the allowable popul ation
densities are:

D, (launch) = (30. X 107 / 16133ft®/(5280ft/mi)?
= .0519 people/mi?

D, (2" stage) = (30. X 107°%) / 3892ft?/(5280ft/mi)?
= 2149 people/mi?

D, (reentry) = (30. X 107%) / 500£ft®/(5280ft/mi)?
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= 1.6727 people/mi®

Therefore a m ssion using an unproven vehicle nust be
pl anned to avoid overflight of areas with popul ation
densities greater than those calculated in this exanple.

3.4 Summary. In the calculation of public risk (E ) each
failure node, its probability and its consequence nust be
eval uated to ensure that the 30 x 10™° expected casualty
threshold for the total mssion is not exceeded.

An applicant may elect to sinplify the E. analysis by making
conservative assunptions that lead to an overestimtion of
E.. These assunptions m ght include:

(1) Conservative or worst case assignnments of probability to
the failure nodes,

(2) Applying a factor of 7.0 to the basic casualty area from
inert debris,

(3) Applying the maxi mnum casualty area from expl osive debris
for each phase of flight over the entire phase, and

(4) Applying the population density of a segnent within a
flight corridor over a larger area having actual popul ation
densities equal to or less than this segnent.

An applicant may apply refinenments that |ead to "higher
fidelity" expected casualty values in order to neet expected
public safety threshol ds. These anal yses will be eval uated
on a case by case basis to validate assunptions used.

Usi ng an acceptabl e net hodol ogy, such as that detailed in
this Advisory Crcular, an applicant would be required to
denonstrate that the E. for a proposed mission is equal to
or less than the acceptabl e expected casualty threshold, not
the exact value for E . Hence, an applicant may begin the
ri sk managenent process using conservative assunptions and
mtigate risks during the vehicle design, devel opment, test
and operational mssion planning process to ensure that
public safety considerations are satisfied.

Patricia Gace Smth
Associ ate Adm ni strator
Conmerci al Space Transportation
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